Because of the throng of control strategies based Voltage Source Converters (VSC) recently proposed in the literature; their classification and characterization are becoming a trending topic. The high similarities of the proposed control strategies may lead to confusions and a misunderstanding of vocabulary. Therefore, this paper seeks first to highlight the possible features fulfilled by power converters in a large power system. The combination of these features is used to classify power converters. Furthermore, power converters can be seen by a power transmission system operators as black boxes, and they may have the same inputs and outputs, which makes their characterizations more difficult. This paper looks to show that only the fundamental nature of the source has an influence on the system dynamic behavior, thus, power converter can be characterized from their transient behavior in response to grid disturbances.
Introduction
In the near future, renewable energy sources (RESs), such as wind and solar photovoltaic (PV) systems, will be a major contributor in the power system, their integration is essentially motivated by environmental reasons first and also their cost reduction during last years; as a consequence, a largescale deployments are happening around the world. Some countries such as Germany, Ireland and Denmark have already achieved a high penetration of renewable energy sources. However, considering the power system stability criterion, the penetration rate of RESs must be monitored in order to keep the same level of reliability as in the conventional power system (e.g.; Ireland limits its instantaneous penetration to 55% [1] ). Renewable energy sources are interfaced to the power system through power electronic devices (e.g.; voltage source converters). These latter are fully dependent on the control law to manage the electrical power follow. Today, the power system stability and services (i.e.; voltage regulation and frequency regulation…) are mainly ensured by synchronous machines, while, power converters are only injecting active and reactive power relaying on the grid information. In research area, recent projects have been launched that aim to achieve a power system with 100% power electronics penetration [2] - [4] , where, power converters should be able to ensure the same specifications as synchronous generators with better dynamic performances. AC grid without dedicated synchronous generators has been widely discussed in micro-grid [5] and Uninterruptible Power Supply [6] and it starts to be extended to large grid such as power transmission system [7] , [8] . In this context, many developments have been made and especially in terms of control strategies [9] - [16] . The increase of different controls in the literature makes power converters classification and characterization as a trending topic. In the literature, power converters control laws are generally classified as grid-forming (GF), grid-feeding/grid-following (Gf) or grid-supporting controls. Grid-forming and grid-feeding are the cases [17] where power converters behave as voltage and current sources respectively, while the grid-supporting classification remains generic and does not allow to classify precisely the contributions of power converters from their system level, since, it is an extension of both grid-forming or grid-feeding controls with the same system inputs and outputs. Authors in [5] suggest that each control law should be divided into non-interactive and gridinteractive strategies where the grid-feeding and grid-forming are defined as a non-interactive controls while the grid-supporting control is defined as an interactive control since it uses the grid information with or without communication to provide services. To avoid confusions about grid-supporting controls, authors in [17] , [18] divide the grid-supporting converter into GSGf (i.e.; grid-supporting grid-feeding) and GSGF (i.e.; grid-supporting grid-forming). In [19] , authors propose a subdivision of the grid-supporting grid-forming in AC voltage forming, frequency forming or grid-forming. These classifications are relative and consider only the contribution of power converters to the AC grid, moreover, with the increase of the proposed control strategies that some of them do not belong to any category, the vocabulary will no longer be easy to understand. Power converters could be distinguished by two principle levels:
Low level control: It characterizes the nature of the power source (i.e.; current controlled VSC or AC voltage controlled VSC). High level control: It ensures the synchronization of power converters and provides different types of services to the AC grid. Given this distinction:
-The classification of power converters is done by a combination of the low level control functionalities and the high level control functionalities. -It is important to highlight that in the first instant after an event, only the fundamental nature of the source has an influence on the system dynamic behavior. Indeed, the high level control is always slower than the low level control. Figure 1 shows a voltage source converter with a DC power source, its control architecture, and interconnection to a power system through its terminals [3] .
Power converter control structures and their classification

Fig. 1. Local control architecture
The voltage source converter and its device-level control are shown in the upper left corner. The inner control aims to regulate the instantaneous AC voltage, the converter output current or both of them.
This control loop typically consists of one or two cascaded controllers. From a power system point of view, the voltage source converter can be seen as an AC voltage source which can be driven by the control law. It exchanges active and reactive power with the main grid through its point of common coupling (PCC) at the system level. The interaction with the main grid is ensured by the outer control loop. It allows power converter to synchronize, energize and/or to provide services to the main grid. In this section, a variety of control strategies are presented and discussed in order to highlight the main differences and similarities between them. Fig. 2 illustrates five control strategies that summarize the controls used in the literature, they could be based on droop control [9] , [20] , virtual synchronous machine [12] , virtual synchronous generator [14] , matching control [10] and virtual oscillator [16] . These concepts perform the same tasks and they are mathematically the same [9] , [21] , [22] , therefore only droop control is used in this paper.
-Strategy "A" [23] : It consists of two PI controllers for current regulation. Based on this control strategy, power converters behave as current sources and aim to exchange active and reactive currents specified by the references * . Power converters based "Strategy A" can operate only in a grid-connected mode and require grid information to be synchronized. -Strategy "B" [17] : It is an extension of "Strategy A". Power converters operate as current sources and aim to support AC voltage (K = 1 (breaker is closed) and K = 0 (breaker is closed)) by adjusting the reactive power Q * reference, supporting the frequency by adjusting the active power P * reference or supporting both of them (K = 1 and K = 1). Similarly to "Strategy A", "Strategy B" is used to operate only in a gridconnected mode and need grid information to be synchronized. -Strategy "C" [7] , [9] , [10] , [17] , [24] , [25] : Based on this control strategy, power converters operate as voltage sources. This control strategy allows power converters to support AC voltage by adjusting the reactive droop setpoint Q * , and proving inertia effect by adjusting the low pass-filter (LPF) cut-off frequency [9] , [26] . This control strategy allows power converters to be synchronized to the main grid through the outer loop "power droop control in this case". Contrary to "Strategy A" and "Strategy B", "Strategy C" operates whatever the grid-topology. This control strategy allows power converters to form an AC grid while respecting the present specifications of power transmission systems. -Strategy "D": This control strategy is very similar to "Strategy C", while, by changing the frequency * by the grid frequency estimation; this control strategy does not allow power converters to support the grid-frequency, but injecting the active power specified by * and providing inertial effect by modifying the low-pass filter (LPF) cut-off frequency. This control strategy operates only in grid-connected mode. -Strategy "E": This control strategy is very similar to the virtual synchronous machine concept [27] . The additional frequency control loop allows power converters to achieve the same functionalities as "Strategy C" with more flexibility and degrees of freedom. Power converters based "Strategy E" operate whatever the grid configurations; and they are able to form an AC grid while respecting the present specifications of power transmission system. From the previous description of each control strategy, in power transmission system based 100% power electronics, the AC grid should contain at least one of the control strategies "Strategy C" or "Strategy E" in order to form the AC system while ensuring the present power system specifications. Table I summarize the main differences between these strategies: From Table I , it is possible to notice that power converters could feed the grid, support the grid, creating the grid, or ensuring all this functionalities at the same time while being a voltage source or a current source or being synchronized through local measurements or using the grid information. Therefore, taken only one criterion to classify power converters seem to be very complex to understand e.g.; in the literature, authors in [17] define "Strategy B", "Strategy C" and "Strategy E" as grid-supporting concepts, however, from one side, the "grid-supporting" concept cannot precisely define the contribution of the power converter to the main grid, from another side, they have a different source nature, different way to synchronize and different operation mode. Consequently, the classification of power converters can be done by a combination of all the functionalities listed in the Table I .
Power converters characterization based on their dynamic behavior
In large power transmission systems, operators do not have access to the information about the control used for power converters, but they have access only to the system inputs and outputs (I/O), these latter can give some ideas about some functionalities that power converters can fulfill, while, they cannot define precisely the nature of power sources. Hence, the question is how power transmission system operators can characterize power sources nature? The answer lies on their transient behavior, since, current sources and voltage sources have different dynamic behavior in response to the grid disturbances. Physically, voltage sources provide power naturally following a grid disturbances in order to ensure power balance (i.e.; fast transient response), while, current sources react to these disturbances following the control dynamics (i.e.; slow transient response). These properties are the main keys to distinguish the nature of the power converters without any knowledge of the control law used.
To illustrate the behavior of power converters in response to the grid disturbances, the grid case in Figure 3 is performed in MATLAB/Simulink. The grid case comprises of two power converters connected to a load through two lines. The load is assumed to be a pure resistance. The strategy "A" is out of this study, since it can be easily characterized power converters from their inputs and outputs.
The results of the test cases are focused on the active power; the reactive and voltage droop control are neglected in this paper. Eight test cases are studied to illustrate the different transient behaviors depending on the grid topology and the control used:
1-Converter 1 and converter 2 are based on the control strategy "Strategy C"; the same length for the lines (100km). 2-Converter 1 and converter 2 are based on the control in "Strategy C"; line 1 length is 100km is and the line 2 length is 10km. 3-Converter 1 is based on the control strategy in "Strategy C"; Converter 2 is based on the control strategy "Strategy E"; the same length for the lines (100km). 4-Converter 1 is based on the control strategy in "Strategy C"; Converter 2 is based on the control strategy "Strategy E"; line 1 length is 100km and the line 2 length is 10km. 5-Converter 1 is based on the control strategy in "Strategy D"; Converter 2 is based on the control strategy "Strategy C"; the same length for the lines (100km). 6-Converter 1 is based on the control strategy in "Strategy D"; Converter 2 is based on the control strategy "Strategy C"; line 1 length is 100km and the line 2 length is 10km. 7-Converter 1 is based on the control strategy in "Strategy C"; Converter 2 is based on the control strategy "Strategy B"; the same length for the lines (100km). 8-Converter 1 is based on the control strategy in "Strategy C"; Converter 2 is based on the control strategy "Strategy B"; line 1 length is 100km and the line 2 length is 10km. Figure 4 , the analysis shows the steady state but also a zoom on the first 5ms following the load change. Following a load change, it can be clearly noticed from Figure 4 .a, 4.c and 4.e that power converters have the same transient behavior during the first 5ms in spite of the difference between their outer controls. During this period, power converters react naturally to the power demand according to their output impedances. In this case, both converters are at the same distance of the load, the provided active power is equally distributed between them in the first instants. In the case where the distance between power converters and the load is not the same, the converter electrically close to the load provides more power, this phenomenon is well illustrated in Figure 4.b, 4.d and 4 .f. The behavior noticed from these test cases confirms that power converters behave as voltage sources. The comparison between Figure 4a and 4c highlights the importance of the outer loop after the first milliseconds. Indeed, since the functionalities fulfilled by these control strategies can be considered as the same after several second, the way to achieve this task is different. This explains the different behaviors in the first 100ms. Conversely, strategies "C" and "D" do not fulfill the same functionalities since strategy "C" brings a primary frequency support which is not the case of Strategy "D". However, due to their voltage source nature, their behavior is the same in the first 5ms.
In Figure 4 .g and 4.h, the transient behavior of power converters is fundamentally different regardless the length of lines towards the load i.e.; power converter 2 takes all the load despite being farther from the load than the converter 1, which confirms that power converter 2 behaves as a voltage source, and power converter 1 behaves as a current source.
Conclusion
This paper presents a topic on the classification and characterization of power converters. The main conclusions drawn from this paper are: -The classification of power converters can be done by a combination of the functionalities fulfilled by the low level control and the high level control. -Whatever the functionalities fulfilled by power converters and their (I/Os) similarities, their transient behavior could be different depending on their source nature, -In this paper a focused on the first 5ms has been make. After 5ms, outer controls start to react in order to fulfil the functionalities of power converters. The recovering dynamics and the steady state of all power converters depend mainly on the controller parameters i.e.; droop gain, power controllers, low-pass filter gains …
